Theoretical calculations based on density-functional theory and generalized gradient approximation have been carried out in studying the electronic structure and magnetic properties of transition-metal-doped Zn 1−x T x O ͑T = Cr, Mn, Fe, Co, and Ni͒ ͑1120͒ thin films systematically with and without intrinsic point defects ͑e.g., vacancies and interstitials͒, and as function of concentration and distribution of dopants and vacancies. Using large supercells and geometry optimization without symmetry constraint, we are able to determine the sites that metal atoms prefer to occupy, their tendency to cluster, the preferred magnetic coupling between magnetic moments at transition-metal sites, and the effect of intrinsic point defects on the nature of their coupling. Except for Mn atom, which distributes uniformly in ZnO thin films in dilute condition, transitionmetal atoms occupying Zn sites prefer to reside on the surface and couple antiferromagnetically. The presence of native point defects has a large effect on the ground-state magnetic structure. In particular, p-type defects such as Zn vacancies play a crucial role in tuning and stabilizing ferromagnetism in Zn 1−x T x O thin films ͑T = Cr, Mn, Fe, and Ni͒, while n-type defects such as O vacancies or Zn interstitials greatly enhance the ferromagnetic coupling in Zn 1−x Co x O thin films. The present study provides a clear insight into the numerous conflicting experimental results on the magnetic properties of T-doped ZnO systems.
I. INTRODUCTION
Spintronics is a relatively new research field where the manipulations of the electron spin as well its charge can give rise to new devices. For this reason, it is essential to develop semiconductors with ferromagnetically polarized carriers at room temperature so that the spin as well as charge of the carriers can be coupled with an external magnetic field. Recently ZnO-based materials have received considerable attention. This is due to the electrical, optical, and acoustic properties of the host semiconductor ZnO, and the theoretical prediction 1 and experimental reports of room-temperature ferromagnetism ͑FM͒. [2] [3] [4] [5] Unfortunately, there has been considerable controversy in reported experimental results. For example, some authors have found Fe-ZnO, 6, 7 Co-ZnO, [8] [9] [10] Ni-ZnO, 11 Cr-ZnO, 12, 13 and Mn-ZnO ͑Refs. 14 and 15͒ to be paramagnetic ͑PM͒ or antiferromagnetic ͑AFM͒ while others reported ferromagnetism in some samples of ZnO containing Ti, V, Cr, Mn, Fe, Co, or Ni. [2] [3] [4] [5] [16] [17] [18] [19] [20] [21] It is natural to suggest that ferromagnetism is merely due to magnetic impurities such as Cr, Mn, Fe, Co, and Ni but some experimental results appear to rule this out. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Presently, there is no consensus on the microscopic mechanism responsible for ferromagnetism in ZnO-based DMSs although several have been proposed for the bulk system, for example, carrier-induced ferromagnetism 1, [22] [23] [24] and percolation of bound magnetic polarons. 25, 26 To the best of our knowledge, no theoretical work exists on ͑Zn, T͒O ͑T = Fe, Co, and Ni͒ thin-film systems. The reason for this is the difficulty of thin-film calculations because of the complicated surface reconstruction and the large supercells that are needed for modeling the low doping concentration ͑ϳ3% -15%͒ encountered in experiments. We have studied the magnetic coupling between Mn atoms in ͑Zn, Mn͒O thin films, 23, 27 Cr atoms in ͑Zn, Cr͒O ͑1010͒ thin films, 28 and V atoms in ͑Zn, V͒O ͑1120͒ thin films. 29 We note that in the bulk phase Cr, Mn, Fe, Co, and Ni have different crystal structures and magnetic properties. How different are their magnetic properties when doped in ZnO thin films? Why do experimental results differ so much? To answer these questions, we have carried out a comprehensive first-principles theoretical investigations of energetics, electronic structure, and magnetic properties of T-doped ZnO thin films ͑T = Cr, Mn, Fe, Co, and Ni͒ having wurtzite structure and ͓1120͔ orientation. Additionally, we have studied the effect of native defects ͑vacancies and interstitials͒ on their electronic and magnetic properties. We primarily focus on three problems: ͑1͒ for a given concentration and no defects, what are the preferred sites and magnetic coupling between Cr, Mn, Fe, Co, and Ni atoms in ZnO thin films? ͑2͒ How do these properties depend on the dopant concentration? ͑3͒ What role do native point defects such as vacancies and interstitials have on the preferred magnetic coupling in Zn 1−x T x O thin films?
II. COMPUTATIONAL PRODEDURE
Calculations are carried out using density-functional theory 30 ͑DFT͒ that incorporates exchange and correlation effects within the generalized gradient approximation ͑GGA͒. 31 The analysis of electronic structure and magnetic properties are performed using PW91 functional for GGA and a plane-wave basis set with the projector augmented wave ͑PAW͒ method 32 as implemented in the Vienna Ab initio Simulation Package ͑VASP͒. 33 The cutoff energy was set at 320 eV for the plane-wave basis ͑the default of maximum cutoff energy is 276.75 eV͒. Self-consistency has been achieved by allowing the total energy to converge within 1 meV because of the very small energy difference expected between the FM and AFM states. Hellman-Feynman force components on each ion in the supercells are converged to 1 meV/ Å.
Pure ZnO normally crystallizes in the hexagonal wurtzite structure, which consists of Zn and O planes stacked alternatively along the c axis, and the Zn and O ions are tetrahedrally coordinated. ZnO can be transformed into the cubic rocksalt ͑NaCl͒ structure by the application of high pressure. The lattice constants are a = b = 3.249 Å, and c = 5.205 Å, with a space-group P6 3 mc ͑No. 186͒. 34 ZnO thin film was modeled by a ͑1 ϫ 2͒ seven-layer slab having ͓1120͔ surface orientation, as shown in Fig. 1 , containing 28 formula units ͑Zn 28 O 28 ͒. Each slab was separated from the other by a vacuum region of 10 Å along the ͓1120͔ direction. The central three layers of the slab were held at their bulk position while the two layers on either side of the slab were taken to be identical to preserve symmetry and were allowed to relax without further symmetry constraint. To study the magnetic coupling between T atoms, we replaced a pair of Zn atoms with two T ͑T = Cr, Fe, Co, and Ni͒ atoms of the same type on the top and bottom of the seven-layer slab ͑Zn 28 N 28 ͒. This yields a T dopant concentration of 14.28%. In each case we explored four configurations where T atoms replaced Zn sites ͑see Fig. 1͒ . The geometry optimization and total-energy calculations were carried out corresponding to both FM and AFM spin alignments to determine the lowest energy configuration, and hence the preferred geometrical and magnetic states. The magnetic moments located on each T atom and the spd site projected wave-function characters have been calculated self-consistently for all the configurations. To study the effect of dopant concentration on the magnetic coupling, we increased the slab thickness along the ͓1120͔ direction as well as the ͓1100͔ direction. Calculations were carried out for ͑1 ϫ 2͒ nine-layer and 11-layer slab supercells, and ͑2 ϫ 2͒ seven-layer slab supercell corresponding, respectively, to 11.11%, 9.10%, and 7.14% T dopant concentration. For the ͑1 ϫ 2͒ slab supercells we used ͑6 ϫ 4 ϫ 1͒ and ͑8 ϫ 6 ϫ 1͒ Monkhorst-Pack grid, 35 respectively, for the structure optimization and for total-energy and chargedensity calculations, while for the ͑2 ϫ 2͒ supercell, ͑5 ϫ 5 ϫ 1͒ and ͑7 ϫ 7 ϫ 1͒ grids were selected. The local magnetic moments at T atoms as well as the partial density of states ͑DOS͒ were calculated within the Wigner-Seitz radius: 1.323, 1.323, 1.302, 1.302, 1.286, 1.270, and 0.820 Å for Cr, Mn, Fe, Co, Ni, Zn, and O, respectively, which are chosen based on PW91 potentials implemented in the VASP code. We have verified that the thickness of the slab and the vacuum space are adequate to simulate the thin films. 27 The surface reconstruction and the reliability of our calculations have been well established in our previous work. [27] [28] [29] The calculated lattice parameters, a = b = 3.262 Å and c = 5. 
III. RESULTS AND DISCUSSIONS
A. Site preference of T atoms First, we determined the preferred site of the T atoms in a ZnO͑1120͒ thin film. This is achieved by substituting a single Zn atom with a T ͑T = Cr, Fe, Co, and Ni͒ atom at a surface site and then at a subsurface site. To preserve symmetry, we also replaced the corresponding Zn atoms on the bottom surface and subsurface layers. This led to a T concentration of 7.14%. As the two T atoms on the top and bottom of the slab are far enough to not interact with each other, the surpercell geometry of Zn 0.929 T 0.071 O gives us information on the site preference of T atoms in the dilute regime. The geometry optimization for each doping configuration was carried out using a ͑6 ϫ 4 ϫ 1͒ Monkhorst-Pack k-point grid. It was found that the total energy of the slab with a T ͑T = Cr, Fe, Co, and Ni͒ replacing Zn at surface sites is 0.826, 0.702, 0.281, and 1.113 eV lower in energy than that with a T substituting the subsurface Zn sites, respectively. This indicates that Cr, Fe, Co, and Ni prefer to reside on the surface, similar to what had been found in Cr-doped ZnO͑1010͒ thin films 28 and Cr-doped GaN thin films. 37 Mn, on the other hand, exhibits no site preference as the calculated energy difference between the surface and subsurface site is only 0.07 eV. Thus, Mn can be distributed uniformly in ZnO thin films 27 in the dilute regime. The possible reason for this difference in site preference between Mn and other dopants is that Mn, with a half-filled 3d and filled 4s shell We now discuss the magnetic coupling between a pair of T atoms in ZnO͑1120͒ thin films. To this end, we substituted two Zn atoms with two T ͑T = Cr, Fe, Co, and Ni͒ atoms of one type, each time on both the top and bottom sides of the Zn 28 N 28 slab. This yields a dopant concentration of 14.28% and a Zn 0.857 M 0.143 O slab supercell. The four configurations ͑in Fig. 1͒ are designed to study the dependence of magnetic exchange interaction between the dopants sites on separation distance. Configuration I corresponds to replacing two Zn atoms with T at the nearest-neighbor sites on the surface layer of the slab. Configuration II represents the replacement of two Zn atoms with T at surface sites with further separation distance. Configuration III is achieved by replacing two Zn atoms with T atoms at the nearest-neighbor sites with one Zn atom on the surface layer and the other on the second layer. Configuration IV corresponds to replacing two nearest Zn atoms on the second layer. The preferred magnetic coupling between the T atoms is determined by allowing them to couple both ferromagnetically and antiferromagnetically, and comparing their total energies and calculating ⌬E = E AFM -E FM . Positive ⌬E means that the FM state is lower in energy than the AFM state. The calculated ⌬E's are plotted in Fig. 1 ͓for comparison, the results for T =Mn ͑Ref. 27͒ is also included͔. The relative energies of the remaining three configurations ͑II-IV͒ ⌬, measured with respect to the ground-state configuration for each element, T = Cr, Mn, Fe, Co, and Ni, are also plotted in Fig. 1 . The magnetic moments on each of the T atoms for all the configurations are calculated and summarized in Table I .
We see that configuration I, where the two T atoms are at the nearest-neighbor sites on the surface, is the ground state of Cr-doped, Mn-doped, Fe-doped, Co-doped, and Ni-doped ZnO. The corresponding magnetic couplings are AFM that lie 0.287, 0.830, 0.919, 0.495, and 0.332 eV/supercell lower in energy than the FM state for Cr, Mn, Fe, Co, and Ni, respectively. We also note that the total-energy difference between FM and AFM states is reduced to 0.006-0.032 eV when the distance between two T atoms are increased to about 5.60 Å away from each other ͓see configuration II in Fig. 1͑b͔͒ . This suggests that the AFM interaction is short ranged in T-doped ZnO thin films. The relative energy ⌬ markedly increases when the distance between the T site increases or the T atoms move from the surface sites to subsurface sites of the slab. Therefore, it is clear that the AFM coupled states are energetically favorable for T atoms in Zn 0.857 T 0.143 O ͑T = Cr, Mn, Fe, Co, and Ni͒ thin films, and Cr, Co, Fe, and Ni atoms prefer to occupy the surface sites and cluster around the neighboring O atom.
In the ground-state configuration, the calculated T-T distance is 2.848, 2.909, 2.888, 2.865, and 2.885 Å for T = Cr, Mn, Fe, Co, and Ni, respectively, leading to a contraction of −4.14%, −2.09%, −2.79%, −4.71%, and −2.89% as compared to those in bulk. The Cr, Mn, Fe, Co, and Ni atoms carry an average magnetic moment of 2. 
C. Effect of T dopant concentration on magnetic coupling
To study the effect of T concentration on the preferred magnetic coupling between the T atoms, we performed extensive calculations on Zn 1−x T x O thin films for different T doping concentrations by increasing the supercell thickness along the ͓1120͔ direction, as well as along the ͓1100͔ direction. At first, we carried out calculations for ͑1 ϫ 2͒ ninelayer and 11-layer slab supercells for the ͑Zn, T͒O ͑1120͒ thin-film surface. T dopant concentrations of 11.11% and 9.09% were achieved by substituting two Zn atoms with T on either side of the slabs. To determine the preferred geometrical and magnetic ground states, as well as to understand how the magnetic coupling between T atoms vary with the distance between them, we have constructed two configurations: when two T atoms substitute Zn at the NN sites on the surface layer ͓similar to configuration I in Fig. 1͑a͔͒ , and when two T atoms are distributed with farther separation ͑FS͒ distance ͓similar to configuration II in Fig. 1͑b͔͒ . We did not consider configurations where Zn atoms on the subsurface layer are replaced by T because the total energy of the supercells is higher by 0.553-2.268 eV than that for T atoms replacing Zn on the surface layer ͑see Table I͒. The calculations are carried out for Co dopant only to demonstrate the effect of concentration. The calculated results are summarized in Table II . We note that the Zn-O and Co-O bond lengths on the surface layer for the ͑1 ϫ 2͒ slabs converged in the seven-layer slab.
We found that configuration NN is the ground-state geometry with the AFM state lying 0.485 and 0.479 eV/supercell We note that in all the ͑1 ϫ 2͒ seven-layer to 11-layer slab supercell calculations above, T atoms in configuration NN may form a continuous zigzag chain along the ͓1100͔ direction. One may wonder if the AFM coupling results from the formation of T-T chains, and if there is an interaction between the impurity atom and its image in the nearest supercell. We, therefore, repeated the calculations using a ͑2 ϫ 2͒ seven-layer ZnO ͑1120͒ slab supercell ͑Zn 56 O 56 ͒ by increasing the slab thickness along the ͓1100͔ direction. In the ͑2 ϫ 2͒ seven-layer supercell ͑Zn 56 O 56 ͒, the minimum distance between the impurity atom and its image in the adjacent supercell is 10.41 Å along the ͓1100͔ direction ͓see Fig. 3͑a͔͒ . In the calculations, the central three layers of this slab were fixed at the bulk crystalline position while the top and bottom two layers were relaxed without any symmetry constraint. When two T atoms are substitutionally doped at Zn sites on either side of the slab, a Zn 52 T 4 O 56 supercell with a concentration of 7.14% T is formed, which is closer to the concentration studied in most experiments, namely, ϳ3% -15%. We have again selected the configurations NN and FS, as shown in Figs. 3͑a͒ and 3͑b͒, Tables II and III. Our calculations once again indicate that the AFM coupling is preferable to the FM one and configuration NN has lower energy than configuration FS for all of the [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] where the Zn 1−x T x O ͑x = 0.05ϳ 0.15 at. %͒ thin films exhibited AFM or PM behavior. Therefore, the observed ferromagnetism must be associated with other factors, such as sample preparation conditions or intrinsic structural defects. In the following we explore this possibility.
D. Intrinsic defects cause ferromagnetism in Zn 1−x T x O thin films
Recently, a number of experiments have shown the correlation between the FM behavior and structural defects, such as Zn interstitials, [38] [39] [40] oxygen vacancies, [41] [42] [43] and/or Zn vacancies, [44] [45] [46] [47] which indicate that defects play crucial roles in the observed FM behavior in ZnO-based DMSs. Concurrently, first-principles investigations of native point defects in bulk ZnO have been performed. 48, 49 However, theoretical studies of the effect of defects on the magnetic properties of T-doped ZnO are few and conflicting. For example, Lee and Chang 50 found that, using the local spin-density approximation ͑LSDA͒, a sufficient supply of electron carriers is required to achieve ferromagnetism in bulk Zn 1−x Co x O while Spaldin 51 suggested that, based on pseudopotential calculations with localized atomic-orbital basis sets, ferromagnetism in bulk Co-doped or Mn-doped ZnO only occurs in the presence of simultaneous p doping ͑holes͒. No explanation exists to account for this discrepancy nor has any attempt been made to investigate the effect of defects on the magnetic coupling of T atoms in Zn 1−x T x O thin films. As mentioned before, these are plagued with numerous controversial experimental findings. We have, therefore, investigated the effect of oxygen vacancy ͑V O ͒, one of the most common n-type native defects, and zinc vacancy ͑V Zn ͒, one of the most common p-type defects, on the magnetism of Zn 1−x T x O ͑T = Cr, Mn, Fe, Co, and Ni,͒ thin films. We have also studied the influence of Zn ͑Zn i ͒ and O interstitials ͑O i ͒ on the electronic and magnetic properties of Co-doped ZnO
Oxygen vacancies
We chose the ͑2 ϫ 2͒ seven-layer slab supercell ͑Zn 56 O 56 ͒ to mimic the ZnO ͑1120͒ thin-film surface and started with the ground-state configuration of Zn 52 T 4 O 56 ͑T = Cr, Mn, Fe, Co, and Ni͒ to study how these defects influence the electronic and magnetic properties. First we created an oxygen vacancy V O by removing a single O atom from the nearestneighbor site of T atoms ͑forming-T-V O -T-͒ on the surface layer of the slab ͓see Fig. 4͑a͔͒ . To preserve symmetry, the O atom on opposite side of the slab was also removed. This led to a Zn 52 T 4 O 54 supercell with V O concentration of 3.6%. We calculated the electronic structure and magnetic coupling between T atoms in the presence of vacancies following the same procedure as performed for the defect-free We note that filling oxygen vacancies in Zn 0.929 T 0.071 O ͑T = Fe, Co, and Ni͒ seems to degrade the magnetic moment of the DMS samples and the local moment on each T atom ͑see Table III Fig. 4͑a͔͒ was expected to increase the magnetic moment of Co due to a reduction in the coordination number. However, the distance between the two Co atoms was found to be greatly reduced from 2.85 to 2.27 Å, and the bond length between Co and O was found to be slightly contracted after structural optimization. The two Co atoms form a dimer, as shown in Fig. 4͑b͒ . The bondlength contraction leads to a strong hybridization between the two Co atoms as well as the Co and O atoms ͑see the charge-density distribution in Fig. 5͒ . The electron carriers ͑e donor − ͒ partially transfer onto Co 2+ . As compared to the defect-free case, the above two factors result in the decrease in magnetic moments of 2.034 B on each Co and drive the FM coupling between the two Co atoms in the Zn 0.929 Co 0.071 O supercell. Note that the coupling in a Co dimer in the gas phase is calculated to be FM with 2.00 B on each Co atom and the bond length between them is 1.98 Å.
Effect of zinc vacancy
We then created a Zn vacancy ͑V Zn ͒ by removing a Zn atom at the nearest-neighbor site to a T atom ͑forming -V Zn -O-T-͒ on the surface layer of both the top and bottom sides of the Zn 0.929 T 0.071 O supercell along the ͓1100͔ direction. Calculations were carried out the same way as described above for the systems containing V O supercells, respectively. These energies are much larger than the thermal energy corresponding to room temperature. Therefore, the FM states are stable with respect to thermal fluctuation. Increasing the Mn-Mn distance to 3.534 Å results in an expansion of 27.5% as compared to that in the defect-free system. The average bond length between Mn and O on the surface layer expands to 1.921 Å from 1.907 Å when the V Zn is introduced. In Fig. 6 , we present the charge-density distribution in the surface layer of the defect-free Zn 0.929 Mn 0.071 O thin film and compare it with that in the system containing the Zn vacancy. We note that there is some overlap between charge densities on Zn and O, or Mn and O sites indicating that the bonding is covalent. However, when V Zn is generated, i.e., hole carriers are introduced to the system, the charge-density distribution and the atomic positions of the Mn and O close to V Zn are changed as shown in Fig. 6͑b͒ . Holes partially delocalize onto Mn 2+ , which gives rise to Mn 3d level at the Fermi energy ͑see Fig. 7͒ and consequently ferromagnetism appears in the p-type Mn 2+ : ZnO thin film, as suggested by experiments. 44 For Fe-doped ZnO, introducing Zn vacancies makes the system FM. Although we note for both V O and V Zn that the nearest-neighbor Fe-Fe interaction becomes FM, the exchange coupling is much stronger for the system containing V Zn . The FM state is found to be 0.887 eV lower in energy than the AFM state in Zn 50 Fe 4 O 56 ͑containing two Zn vacancies͒ while the FM state is only 0.086 eV lower in energy than the AFM state in Zn 52 Fe 4 O 54 ͑containing two O vacancies͒ ͑see Table III͒ . Therefore, it is obvious that V Zn ͑hole doping͒ is more effective in stabilizing ferromagnetism in Fe-doped ZnO than V O ͑electron doping͒. Similar results were obtained in the experimental and theoretical studies on Fe-doped ZnO nanocrystals. 46 For Ni-doped ZnO, the Zn vacancy is also found to play a role in stabilizing the FM coupling as the FM state is found to become lower in energy than the AFM one as shown in Table III doped ZnO favor antiferromagnetism and lead to a strong AFM interaction between the two Co ions. The energy difference ⌬E is dramatically decreased from −0.098 to −0.501 eV when Zn vacancies are introduced in the Zn 0.929 Co 0.071 O supercell.
Effect of oxygen and zinc interstitials
Since recent experiments have shown that Zn interstitials play an important role in development of ferromagnetism in Co-doped ZnO thin films, we have investigated how the interstitials influence the magnetic properties of Co-doped ZnO. For simulating both O and Zn interstitials in Co-doped ZnO, we considered two possible site locations: the hollow site ͑hs͒ and the bridge site ͑bs͒, as shown in Fig. 4͑c͒ . The hollow site is about ϳ0.9 Å above the surface layer, and has two Co, one Zn, and one O as the neighboring atoms. The bridge site is about ϳ1.23 Å above the surface, and has one Co and one O as the nearest-neighbor atoms. Although it is known that there are two types of interstitial sites in bulk ZnO wurtzite structure and the energetically favorable site for a single Zn interstitial ͑Zn i ͒ is the octahedral site, 49 the distribution of defects in Zn x T 1−x O thin films is complicated.
It was found that O i prefers to reside at the hollow site compared to the bridge site. In both configurations, adding two O atoms to the supercell further stabilizes the AFM state. For instance, the energy difference between the FM and AFM states ⌬E decreases to −0.476 from −0.098 eV/ supercell when two O atoms are introduced at the hollow site. The oxygen interstitials have little effects on the magnetic moments and the electronic structure of the Co-doped ZnO thin film. On the other hand, it was found that Zn i prefers the bridge site over the hollow site. The coupling between the two Co atoms becomes FM and the energy difference ⌬E changes from −0.098 to 0.205 eV/supercell, which is sufficient to overcome thermal fluctuations to provide robust FM behavior in the system. This agrees with the experimental findings [41] [42] [43] that Zn i plays an important role in activating high-T C ferromagnetism in Co 2+ -doped ZnO. The relaxed geometry is given in Fig. 4͑d͒ . The distance between the Zn i and the two Co atoms are 3.344 and 3.873 Å, respectively. The local magnetic moment on Co is increased by about 0.1 B .
The calculated total-energy difference ⌬E and the magnetic moments for the ground-state configuration of Zn 52 Co 4 O 56 with and without the defects are tabulated in Table IV 
Vacancy distribution and concentration effect
To further verify the onset of ferromagnetism due to the vacancies and to study the effect of vacancy distribution and concentration on the magnetic coupling, we have created V Zn and O i at different sites in the Zn 52 Co 4 O 56 supercell. We started with the ground-state configuration of Zn 52 Co 4 O 56 and created Zn vacancies at different sites on the surface and subsurface layers of the slab ͑see configurations C Z1 , C Z2 , and C Z3 in Fig. 8͒ . Oxygen vacancies at difference sites, corresponding to configuration C 11 to C 22 , were then generated, as shown in Fig. 8 . We studied the energetics of FM and AFM couplings between Co atoms for all these configurations. The calculated results are given in Table V .
The results clearly show that Zn vacancies stabilize the AFM coupling and lead to a strong AFM interaction between the two Co ions. The energy difference ⌬E between the FM and AFM states changed from −0.098 to −0.501, −0.489, and −0.951 eV, respectively, for configurations C Z1 , C Z2 , and C Z3 . From the relative energy, we note that it costs less energy to generate a V Zn close to a Co atom. When O vacancies are generated, on the other hand, the energy difference ⌬E is considerably increased. For instance, the AFM coupling turns into the FM one with a large energy difference ⌬E = 0.683 eV/ supercell in configuration C 11 . For configurations C 12 -C 14 , ⌬E increases from −0.098 eV to −0.034, −0.031, and −0.027 eV, respectively. The ground-state configuration was found to be configuration C 13 that is still AFM, which indicates that it is easier to create a V O further from Co atom. We, therefore, realized that a small concentration of V O cannot lead to a transition from AFM to FM states, which has been confirmed by experiments. 41 It is interesting to see that the FM state becomes much more stable than the AFM state for both configurations C 21 and C 22 in Fig. 8 when V O concentration is increased to 7.14% by removing two O atoms on either side of the slab. The energy difference ⌬E is 0.586 and 0.668 eV/supercell for C 21 stabilizing ferromagnetism in Co-doped ZnO when the concentration of V O reaches a certain value. We note that configuration C 22 is lower in energy by 0.873 eV than configuration C 21 , demonstrating that V O prefers to distribute uniformly in ZnO thin films.
The calculated total spin DOS and the partial DOS of Co 3d and O 2p for the ground state of configuration C 22 in Fig. 8 Figures 9͑b͒ and 9͑c͒ show that the hybridization between Co 3d and O 2p at Fermi level becomes stronger when the O vacancies are introduced. Our finding is consistent with the previous theoretical prediction that sufficient electron carriers are required to achieve ferromagnetism in bulk Zn 1−x Co x O, 50 while it is in contrast to some other DFT-based predictions where both hole doping and electron doping promote FM in ZnO:Co and ZnO:Mn. 51 Recent experiments show that oxygen vacancies make ZnO:Co FM, 41, 42, 53 supporting our finding.
Based on this study, one can expect that FM Zn 1−x T x O ͑T = Cr, Mn, Fe, Co, and Ni͒ thin films can be achieved de- O ͑T = Fe and Ni͒. However, for Co-doped ZnO, there is a reverse correlation: Zn i and V O are the defects responsible for ferromagnetism. The possible reasons for this contrasting behavior are complicated as magnetic properties are influenced by many factors such as band gaps, the occupancy of the gap level, the symmetry of the energy level, crystal-field resonance, and dangling-bond hybrid, as discussed by Mahadevan and Zunger 54 in their systematic study of the magnetic properties of bulk GaAs doped with V, Cr, Mn, Fe, Co, and Ni. Magnetic properties are also known to be very sensitive to the local bonding environment. In the present case, thin-film geometry and the presence of vacancies and interstitials bring additional complexities such as reduction in the coordination number on the surface, bond-length contraction in and near the surface, and structure reconstruction caused by vacancies and interstitials.
We should also point out some intrinsic problems in the density-functional theory. It not only underestimates the energy-band gap but also predicts the impurity state of T 3d with some errors. Although Hubbard-U corrections 55 to local-density approximation or GGA can improve the description of the T d states in magnetic semiconductors, these corrections are generally not sufficient to open the band gap and remove spurious hybridization of the 3d orbitals with the host conduction band. Recently Lany et al. 56 have developed a "nonlocal external potential" method to overcome these difficulties. They found that electron doping is necessary to achieve ferromagnetism in the Co-ZnO system. This is in agreement with our finding that ferromagnetism is induced by Zn interstitials and oxygen vacancies. Moreover, the magnetic coupling between TM dopants is also dependent on their charge states. 57 The situation in thin films is more complex than that in the bulk since the bonding environments of TM dopants vary from the surface layer to the subsurface and inner layers due to different coordination number and different bond-length contraction. The presence of vacancies and interstitial atoms complicates the problem even further. Although some experimental methods to determine the charge state of T dopants 58 are available, accurate calculations of the charge state using DFT is difficult due to problems associated with the artificial use of the Wigner-Seitz cell for the computation of charge.
IV. SUMMARY
The electronic structure and magnetic properties of Zn 1−x T x O ͑T = Cr, Mn, Fe, Co, and Ni͒ ͑1120͒ thin films have been investigated systematically using first-principles calculations based on the gradient corrected density-functional theory and the supercell slab model. The main conclusions are: ͑1͒ the Cr, Fe, Co, and Ni dopants prefer to occupy surface sites instead of the bulk sites while Mn exhibits no site preference in the dilute regime and distributes uniformly in ZnO thin films; ͑2͒ Zn 1−x T x O ͑1120͒ thin film is intrinsically AFM because T 2+ substitution at Zn sites in ZnO does not introduce any extra carriers. The AFM coupling is found to be insensitive to the concentration of dopants ͑from 7.14% to 14.29%͒ as observed by changing slab thickness from 7 to 11 layers along the ͓1120͔ direction and from ͑1 ϫ 2͒ to ͑2 ϫ 2͒ along the ͓1100͔ direction; ͑3͒ the magnetic coupling between T dopants, however, can be tuned by introducing native structural defects. Particularly, p-type defects, e.g., Zn vacancies, are necessary to change AFM coupling to FM in Zn 1−x T x O thin films ͑T = Cr, Mn, Fe, and Ni͒ depending on the defect concentration while n-type defects, e.g., O vacancy or Zn interstitial, are required to introduce FM coupling in Zn 1−x Co x O thin films. The interaction between the localized spins on the Co ions and delocalized carrier electrons originating from the O vacancies is responsible for the magnetic transition. Instead of clustering, V O distributes homogenously on the surface of Zn 1−x Co x O thin films. Therefore, experimental conditions play a crucial role in observed magnetism, as native structural defects may be introduced during sample preparation. The present study provides a general picture of the magnetic properties of T-doped ZnO thin films and a different insight to understand the numerous conflicting experimental observations in T-doped ZnO systems.
